Study Design. Experimental study of a localized device for the control of the vertebral growth using an immature porcine model. Objective. The aim of the study was to experimentally evaluate a localized device acting on the epiphyseal growth plates without bridging the intervertebral disc of immature hybrid pigs over 3 months of growth. Summary of Background Data. Based on current published literature, fusionless devices offer promising scoliosis treatment alternatives to conventional spinal instrumentation and fusion in the growing spine. Current compression-based devices achieve growth modulation while also compressing the intervertebral discs, increasing the risk of long-term disc degeneration.
S
coliosis is a biomechanically complex three-dimensional deformity of the spine, whose treatment is challenging, especially in young children. The gold standard in treating curves progressing beyond 408 relies on realigning the spine with instrumentation accompanied by segmental spinal arthrodesis (fusion), invasively reducing spinal mobility.
Recent interest has shifted toward minimally invasive fusionless scoliosis treatment strategies that harness residual vertebral growth. By increasing compressive loading on the growth plates, growth can be retarded (Hueter-Volkmann principle). 1 As such, fusionless devices attempt to reshape wedged vertebrae to their normal geometries and, over time, realign the spine while maintaining segmental mobility 2 without resorting to invasive surgery. 3 Several investigations have attempted compression-based fusionless scoliosis correction in growing spines, clinically, using anterior vertebral body tethering 4 or stapling 2 on the convex side of curves From the generally below 458 4 as larger curves require substantial initial intraoperative correction, increasing compression on the intervertebral discs (IVDs) and the risk of spontaneous spinal arthrodesis. 2 Experimental testing of compressionbased fusionless devices revealed changes in disc viable cell density and reduced vascularization of the endplates, which may lead to disc degradation. 5 Although promising, the temporal influence of current treatments on the IVD health is halted by the insufficient solid long-term clinical outcomes.
Fusionless growth modulating implants are explored via animal trials before translating findings to clinical applications. Braun et al 6 reported successful correction of an otherwise induced deformity with implant efficacy halted by initial curve magnitude and staple loosening. BylskiAustrow et al 7 reported reduced growth ipsilateral to the implant using a rigid staple spanning the IVD space with reduced disc height and range of motion, 8 with no consensus to the required range of motion for sustained IVD health. Newton et al 9 used unilateral four-level anterior vertebral body tethering. Although no degeneration was observed in an otherwise compressed disc, the observations were limited to 12-months follow-up, which does not represent long-term clinical applications of the device. Liu et al 10 focused on elastic posterior L1-L5 tethering on pigs resulting in local and global spinal deformity with changes in endplate epiphysis and reduced disc thickness. Burke et al 11 demonstrated the three-dimensional curve induction/correction potential of a novel construct in immature lambs with promising results and maintained spinal mobility in all three anatomical planes. Their proposed approach may reduce the risk of segmental symptomatic degenerative changes but further investigation is required for conclusive analysis.
As fusionless instrumentation approach intends to maintain intervertebral mobility, disc health is utmost important to consider. The above promising implants bridge the intervertebral gap and predominantly compress the IVD, increasing the risk of segmental disc degeneration and growth plate damage. Based on short-term literature, minimizing the compression on the disc is anticipated to have less longterm detrimental effects. To address this shortcoming, Driscoll et al 12 implanted intravertebral hemi-staples, a device with a prong located between the growth plate and the disc and attached to the vertebral body wall, without spanning the IVD space. Reported data showed apparent localized vertebral wedging and evident instrumented Cobb angle with signs of disc health sustainability. 12 Yet, the proposed localized hemi-staple acted solely on the superior growth plate and did not harness the full vertebral growth potential. To address this issue, this study aimed at developing a localized implant acting simultaneously on the superior and inferior growth plates, maximizing growth modulation, while providing an expansion mechanism to intraoperatively accommodate various vertebral shapes and testing the proposed implant on immature pigs to assess local growth changes and global spinal deformity.
MATERIALS AND METHODS

Implant Functional Description
The feasibility of the proposed implant, namely dual-staple, was first evaluated using in-house simulations on a porcine spine finite element model and published simulations on a patient specific finite element model. 13 The implant comprised of two portions: an upper and a lower piece (Figure 1) . Each piece comprised a 0.5 mm thick prong inserted between the IVD and the thin ossification site just above the growth plate (5 mm approximate penetration) and a body attached to the vertebral body wall. The latter included guides for a custom holding tool and fixed using bone screws (25 Â 2.8 mm diameter). In this custom design, the upper piece slides via a custom expansion mechanism with the lower piece secured to the holder allowing for intraoperative height adjustment and prong repositioning for various thoracic/lumbar vertebral morphologies ( Figure 1 ). Stainless steel 316L (UNS S31603) was used for the dual-staple and bone screws.
Surgical Procedure
Eleven 11-week-old hybrid female pigs (Landrace/Yorkshire, 25-35 kg) were allowed to acclimatize for 1 week after arrival. Animals were randomly assigned into two groups: seven instrumented and four controls, with group sizes determined using a power of 0.8 and a significance of 0.05. The study was approved by our Hospital Institutional Committee for Animal Care in Research and our University Ethical Committee. Preoperatively, animals were sedated by intramuscular injection of atropine (0.04 mg/kg), azaperone (4 mg/kg), and ketamine (25 mg/kg). Propofol (1.66 mg/kg) and buprenorphine (0.02 mg/kg) were injected intravenously prior to intubating with a 6.5 mm endotracheal tube. Anesthesia was maintained by automatic ventilation (oxygen and 1%-3% Isoflurane). Heart rate and blood pressure were tracked via a monitor connected to the tip of the ear or tongue. Surgery was performed under a sterile environment in the left decubitus position with insertion site shaved and prepared with Proviodine solution. Access to vertebrae T7-T9 was achieved via a right side thoracotomy between the seventh and eighth ribs. Fluoroscopic imaging allowed insertion site guidance with the dual-staple mounted on a custom-designed holding tool and device height was precisely adjusted via the custom expansion mechanism ( Figure 1 ). Once satisfactory positioning was achieved, a screw was inserted to fix the lower implant portion. The holding tool was then repositioned on the top piece using guides and a second screw was inserted for final construct fixation ( Figure 1 ). The implant design and insertion method were meticulously crafted to minimize surgical steps (four total steps/vertebra).
Site closure was performed after T7 -T9 device insertion in the instrumented group ( Figure 2 ). All surgeries were performed by the same spine surgeon. A fentanyl patch (7.5 mg) and intramuscular injections of antibiotics (Excenel 3 mg/kg) were administered over 3 days postoperative. Pigs were allowed to interact and socialize once recovery was confirmed prior to which they were kept in individual cages.
Follow-up proceeded 85 AE 2 days (12 weeks) postoperative during which animals were housed locally for the first 3 weeks then transferred to a private facility for the remainder of the study. Monthly posteroanterior (PA) and lateral (LAT) radiographs were taken with the animals placed in prone position on a custom sling. While imitating the natural quadrupedal spinal configuration as closely as possible, this setup allowed for standardized acquisitions and reduced repositioning errors as the X-ray source moved between orthogonal views. Animals were then euthanized by inducing deep anesthesia followed by a lethal injection of saturated potassium chloride.
Progressive Deformity Evaluation
Relevant clinical indices were measured at each radiographic timepoint to assess and quantify the temporal changes introduced by the device. Constrained Cobb and sagittal curve angles were measured between T7 and T9 to assess global spinal alterations [angles between the upper endplate of the superior instrumented vertebra and the lower endplate of the inferior instrumented vertebra on both the coronal and sagittal views (Figure 2) ]. Furthermore, coronal and sagittal vertebral wedging were measured at each level from T6 to T12. Similarly, coronal and sagittal IVD wedging was assessed from T6 to T12. Vertebral and intervertebral levels were selected to further assess the local changes at the instrumentation site (T7 -T9), adjacent to instrumented levels, and off-instrumentation in both anatomical planes. Also, terminal left/right vertebral height differences were measured for instrumented vertebrae. Equivalent regional and local measurements were performed for control animals. Temporal measurements (constrained Cobb and sagittal angles, vertebral wedging, and IVD wedging) and final vertebral height difference were compared between the instrumented and control group using Student's t tests (significance level P < 0.05). Implants were verified for possible loosening/dislodgement. In addition, relative segmental implant interaction, identified by implant contact between adjacent vertebrae, was verified as intervertebral spacing is limited in pigs.
14 Implant placement was assessed at each radiograph and compared to previous images to confirm consistent prong placement between the growth plate and the IVD. Implant components (upper and lower) were observed over the follow-up period to confirm secure fixation with no relative displacement (upper with respect to lower component). The spines (T1 -T15) were harvested immediately postsacrifice to further verify both sustained mobility and no implant segmental obstruction. Manual left/right bending under fluoroscopic imaging identified vertebral motion to visually confirm sustained mobility. Finally, screws and implants were extracted for preliminary bone/screw interface assessment.
RESULTS
Surgery and Postsacrifice Examination
Minimal blood loss occurred during surgery (<50 mL) and no immediate postoperative complications were observed. Average surgery time to install all three devices, including incision site opening and closure, was 32.5 minutes (standard deviation 8.2 minutes). The animals weighed 29.1 AE 7.4 kg preoperatively. The instrumented group underwent weight gain of 2.6 AE 1.3 kg/week and showed no signs of reduced physical activity while controls gained 3.0 AE 1.8 kg/week (P ¼ 0.14). No animal was lost during the study period, but post-sacrifice examination revealed signs of deep infection in one animal, which was subsequently omitted from the study. Early signs of infection were observed in two cases, which were treated accordingly and recovered within the first week postoperatively. Two animals (including the omitted case) showed two fused ribs near the incision site only observed during dissection. No implant dislodgment was noticed from radiographs or at dissection. Conversely, some screws were easily removed for three cases with no evidenced implant loosening. No contact between adjacent implants was apparent in post-sacrifice imaging. Manual bending confirmed sustained mobility albeit minimal in this animal model (Figure 3 ).
Analysis of Postoperative Regional Indices
Presacrifice global angles showed the apparent effect of the dual-staple (Figure 4 ). In the coronal plane ( Figure 5A ), instrumented Cobb angle (between T7 and T9) was 25.0 AE 4.28 (range: 208-328), whereas kyphosis was 11.2 AE 4.28 (range: 68-178) in the sagittal plane. Differences between instrumented and controls were statistically significant for the Cobb angles (P < 0.0001), but not for the sagittal angles (11.2 AE 4.28 vs. 6.5 AE 2.2, instrumented vs. controls).
Analysis of Postoperative Local Indices
Induced coronal vertebral wedging was evident at the instrumented levels at every timepoint, with the maximum value at T9 (final: 18.2 AE 2.78, range: 158-238) ( Figure 5B ). Instrumented vertebral wedging was statistically different than controls at each timepoint (P < 0.0001). Cumulative three-level vertebral wedging was greater than 458. Noninstrumented vertebrae (T6, T11, and T12) showed no statistical differences with controls. Vertebral wedging in the sagittal plane was not significantly different from controls at each measured level.
No statistical difference was observed in the sagittal plane between both instrumented and control IVD wedging. Similarly, coronal plane IVD wedging for the controls and tested group did not differ between T10 -T11 and T11 -T12. IVD wedging adjacent to the instrumented region (T6-T7 and T9-T10 IVD wedging) was À9 AE 1.58 and À8.7 AE 3.78, respectively and was significantly different than control equivalents (P < 0.0001). Furthermore, IVD wedging between instrumented vertebrae was statistically different than controls (P < 0.0001). IVD wedging was most prominent at T8-T9 level for the 8 w (À10.2 AE 1.58) and 12 w (À11.2 AE 2.68) timepoints ( Figure 5C ) but not statistically different when compared to the remaining instrumented levels for equivalent timepoints.
Vertebral body height difference was most notable for the tested group. Instrumented vertebral concave/convex height difference was 2.9 AE 1.0, 4.0 AE 0.8, and 3.9 AE 1.0 mm for T7, T8, and T9, respectively (vs. À0.1 AE 0.26, 0.1 AE 0.28, and -0.3 AE 0.48 mm, respectively for control animals).
DISCUSSION
The dual-staple intravertebral device modulated growth with evidenced vertebral concave/convex height difference and coronal plane vertebral wedging toward the instrumentation side with global deformity, exclusive of the IVD. The deformity was prominent within the instrumented region; yet, cumulative instrumented vertebral wedging (>458) was greater than constrained Cobb angle. These differences are clear indications of the local versus the global effect of the implant designed to locally reshape the vertebral body to its normal morphology without compromising the intervertebral junction. The absence of wedging in the adjacent vertebrae further accentuates the local effect of the implant as constrained Cobb angle was measured between wedged vertebrae. The unaltered sagittal angle is explained by the lateral implant placement intended to act in the coronal plane exclusively, without affecting axial rotation as it requires bridging the intervertebral gap to exploit coupled vertebral motion. Inserting the implant anterolaterally would allow controlling the coronal and sagittal deformities; nonetheless, in vivo trials are required to establish an affirmation.
The explored device achieved significant cumulative vertebral wedging greater than 458 over only three levels; however, this prominent local deformity was compensated by IVD wedging in the opposite direction. Newton et al 15 also observed reversed disc wedging when inducing a spinal deformity with an anterior tether. This phenomenon is not unheard of in experimental scoliosis induction surgery involving implants positioned on the vertebral bodies as they do not produce enough moment to counteract the physiological compensatory mechanism in quadrupeds. We believe quadrupeds tend to maintain a forward gaze as a natural head position enforcing a moment opposing an otherwise global deformity and engendering localized reversed disc wedging. The absence of the latter in other scoliosis-inducing techniques can be attributed to the large moment arm produced when combined with ipsilateral rib tethering 16 or the implant's lateral offset. 17 Nonetheless, the presented device achieved substantial local deformity and perhaps its corrective potential would not be hindered by reversed disc wedging as discs are already wedged in the same direction as the vertebrae in human scoliotic spines. 18, 19 Thus, the device would mostly act on reversing vertebral wedging with disc wedging eliminated as the spine realigns. Further corrective surgery is required to warrant conclusive confirmation.
The device achieved more than two times the vertebral wedging expected from a similar device, 12 anteriorly tethered vertebrae, 15 and posterior spinal tethering 20 on age-matched animal models. Sizable differences can be attributed to rigidly fixing the dual-staple with two screws, eliminating relative top/bottom implant motion allowing full local growth restraint. Landrace/Yorkshire hybrid pig vertebrae grow 20 mm/day/growth plate on average (3.4 mm/vertebra/12 weeks) equivalent to our measured vertebral height difference (4.0 AE 0.8 mm) indicative of adequate superior/inferior epiphyseal plate growth restraint. Unlike this study, Driscoll et al's 12 hemi-staple was fixed with one screw creating minimal hinge effect at the screw/implant interface, loosing part of its restraining effect during the early stages of growth. Moreover, the explored dual-staple acted locally without transmitting loading through the IVD, contrary to vertebral tethering, and thus modulated vertebral growth through growth restraint, exclusively.
The prong was designed for insertion between the IVD and the upper/lower growth plates (or second ossification endplates for porcine vertebrae) posing a concern about its influence on the disc health. Histological evidence revealed sustained growth plate and disc health for similar prong designs when inserted directly above the endplate just below the disc. 21 In our study, the device was consistently positioned between the disc and the corresponding upper/lower endplates with no dislodgment/loosening. Moreover, the device's unassuming design simplifies surgical maneuvers and lowers implant misplacement risks because the custom expansion mechanism allows for real-time intraoperative implant height readjustment for varying vertebral shapes and realignment between the growth plates and discs. Furthermore, porcine vertebrae typically present a second ossification layer 22 granting easy identification of the IVD/ vertebra interface. Humans lack this second ossification site. Clinically, one would require a more robust guiding technique using, perhaps, custom probes with micrometer resolution. 23 Further histological analysis is required to confirm sustained disc health.
The current study poses several limitations. Radiographs were acquired at two different housing sites; nonetheless, the same custom sling was used, ensuring standardized imaging as animals enlarge over time and reducing spinal shape changes by eliminating animal repositioning between PA and lateral views. Moreover, poor image quality limited instrumented vertebral endplate visibility in the PA view due, but not limited to, the sternum obstruction and the implant signal attenuation. Measurements were consistently performed by the same operator based on detailed knowledge of porcine spine anatomy to reduce temporal measurements inconsistencies. Finally, fused ribs cases included the omitted animal (deep infection) and a case with a broken rib removed intraoperatively to eliminate complications. Controlled manual bending images confirmed maintained mobility, although minimal, indicating the negligible effect of these fused ribs. Perhaps a modified manual bending protocol would demonstrate a rather physiological intervertebral mobility.
CONCLUSION
In this animal model, the explored local epiphyseal device achieved significant vertebral growth modulation over as little as three instrumented levels, with explicit vertebral wedging. Perhaps one may attain better curvature control by increasing the number of instrumented vertebrae over the apical region thus providing an efficient corrective method for spinal deformity excluding the IVDs.
Key Points
The explored local epiphyseal dual-staple achieved significant vertebral growth modulation evidenced by vertebral wedging (188) over merely three instrumented vertebrae (cumulative vertebral wedging: 458) exclusive of the IVD. The induced vertebral wedging was compensated by reversed disc wedging, emphasis of the local versus global effect, which may be explained as a physiological response of a normally straight pig spine to maintain a forward looking gaze. The experimental results suggest that the explored device could be exploited for the correction of scoliotic spinal deformities via passive growth modulation without bridging the IVD space.
